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SECTION 8.1 

8.1 INTRODUCTION 
 

The methods of hydrologic and hydraulic analysis provided in this chapter give the 
designer information necessary for an analysis of a roadway drainage crossing.  
Experience and sound engineering judgment are not to be ignored and may, at times, differ 
from results obtained using methods in this chapter.  Very careful weighing of experience, 
judgment, and procedure must be made to arrive at a solution to the problem.  Research in 
the field of drainage continues throughout the country and may subsequently alter the 
procedures found in this chapter. 
 
(1) Objectives of Highway Drainage 

 
The objective of highway drainage is to prevent the accumulation and retention of 
water on and/or around the highway by: 
 
a. Anticipating the amount and frequency of storm runoff. 
 
b. Determining natural points of concentration of discharge and other hydraulic 

controls. 
 
c. Removing detrimental amounts of surface and subsurface water, and 
 
d. Providing the most efficient hydraulic design consistent with economy, the 

importance of the road, maintenance and legal obligations. 
 

(2) Basic Policy 
 

In designing highway drainage, there are three major considerations; first, the safety 
of the traveling public, second, the design should be in accordance with sound 
engineering practices to economically protect and drain the highway, and third, in 
accordance with reasonable interpretation of the law, to protect private property from 
flooding, water soaking or other damage.  In general, the hydraulic adequacy of 
structures is determined by the methods as outlined in this manual and performance 
records of structures in the same or similar locations. 
 

(3) Design Frequency 
 

Federal and State governments have placed increasing emphasis on environmental 
protection over the last several years.  Consequently the administrative rules 
established by regulatory agencies have made past practice of designing structures 
to accommodate flood frequencies of 25 and 50 years obsolete and unworkable.  
Thus, the design discharge for all bridges and box culverts covered under this chapter 
shall be the 100 year (Q100) frequency flood.  In floodplain management this is also  
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referred to as the Regional or Base flood.  Design frequency is determined from 
requirements in Federal Highway Administration (FHWA) directives and the co-
operative agreement between Wisconsin Department of Transportation (DOT) and 
Wisconsin Department of Natural Resources (DNR).  The following publications are 
suggested for guidance. 
 
a. FHWA Directive 

 
Volume 6, Chapter 7, Section 3, Subsection 2, of the FHWA - Federal Aid  
Highway Program Manual, “Location and Hydraulic Design of Encroachments 
on Flood Plains”, prescribes FHWA policy and procedures.  Copies of this  

|    directive may be obtained from any of the Division of Transportation System  
|    Development Regional offices. 

 
b. DNR-DOT Cooperative Agreement 

 
The Wisconsin Department of Transportation and the Wisconsin Department 
of Natural Resources have signed a co-operative agreement to provide a 
reasonable and economical procedure for carrying out their respective duties 
in a manner that is in the total public interest.  See Appendix 8-B.  The 
provisions in this agreement establish the basic considerations for highway 
stream crossings. 
 

c. DOT Facilities Development Manual 
 

Refer to Procedures - Chapter 13 - Drainage Practice, 
Chapter 20 - Environmental Laws, Policies and Regulations and Chapter 21 - 
Environmental Documents, Reports and Permits. 
 

(4) Hydraulic Site Report 
 

A hydraulic report for all projects shall be submitted with the “Stream Crossings   
Structure Survey Report” for Bridges and Box Culverts.  A sample hydraulic report is 
included in Appendix 8-A.  Plan survey datum must conform to datum in use by local 
zoning authorities.  In most cases elevations are referenced from the National 
Geodetic Vertical Datum (NGVD) of 1929.  This report discusses and documents the 
hydrologic, hydraulic, site conditions, and all other pertinent factors that influence the 
type, size, and location of the proposed structure.  
 

|  (5) Hydraulic Design Criteria for Temporary Structures 
 

The basic design criteria for temporary structures will to be the ability to pass a 5-
year storm (Q5) with only 0.5 feet of backwater over existing conditions.  This  
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criteria is only a general guideline and site specific factor and engineering judgment 
may indicate that this criteria is inappropriate.  Factors that should be considered in 
the design of temporary structures and embankments are: 
 
1. Evaluate effect on surrounding property and buildings. 
2. Velocities that would cause excessive scour. 

|   3. Damage or inconvenience due to failure of temporary structure. 
4. DNR concerns. 
5. Temporary roadway profile. 

  6. Structure depths will be 36” for short spans and 48” or more for longer spans. 
 

      If possible and practical, the temporary roadway profile should be designed and  
 constructed in such a manner that infrequent flood events are not obstructed from 

overflowing the temporary profile and creating excessive backwaters upstream of 
the construction.   The temporary roadway profile should provide adequate 
clearance for the temporary structure. 
 

      The roadway designer should indicate the need for a temporary structure on the  
 Stream Crossing Structure Survey Report.   

 
       Preliminary and Final plans should indicate the hydraulic parameters of the 

temporary structure.  The required parameters are the 5-year flood discharge (Q5), 
the 5-year high-water elevation (HW5), and the flow area of the temporary structure  

|  required to pass the 5-year flood (Abr). 
 
| (6) Erosion Control Parameters 
 
|  In order to assist designers in determining the appropriate erosion control measures  
|  to be provided at Bridge construction site, preliminary and final plans should indicate  
|  the 2-year flood discharge (Q2) and the 2-year high-water elevation (HW2). 

 
|  (7) Bridge Rehabilitation and Hydraulic Studies 

 
Generally no hydraulic study will be required in bridge rehabilitation projects that do 
not involve encroachment to the Base Floodplain.  This includes entire super 
structure replacement provided that the substructure and berm configuration remain 
unchanged and the low cord elevation is not significantly lowered. 
 
The designer should consider historical high-water elevations, Flood Insurance   
Studies and the potential of inundation when choosing the replacement   
superstructure type.  The risk of damage to the structure as the result of Scour   
should also be considered.            
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8.2 HYDROLOGIC ANALYSIS 
 
 The first step in designing a hydraulic structure is to determine the design discharge for  
 the waterway.  The problem is particularly difficult for small watersheds, say under five 

square miles, because the smaller the area, the more sensitive it is to conditions which 
affect runoff and the less likely there are runoff records for the area. 

 
Acceptable methods of determining the design discharge for the 100 year flood shall be  
based on the guidelines contained in S.NR 116.07, Wisconsin’s Floodplain Management 
Program (1).  Generally, a minimum of two methods should be used in determining a 
design discharge.    
 
Hydrology and the Metric Units 

 
Most of the frequently used methodologies for hydrologic calculations are based on 
English units and input parameters.  Therefore, for Metric design applications, most 
hydrologic calculations will be conducted in English units and “soft” converted to Metric 
values for use in hydraulic applications.  

 
The most frequently used methods for determining the design discharge for bridges and 
box culverts in the State of Wisconsin are discussed below. 

  
 (1) Regional Regression Equations 
 
  The U. S. Geological Survey (USGS) in cooperation with the Wisconsin Department 

of Transportation prepared a report entitled Flood Frequency Characteristics of 
Wisconsin Streams (2) which considers the flood potentials for a site using regional 
regression equations based on flood data from gaging stations on Wisconsin’s rivers 
and streams.  The flood-frequency regression equations are correlated with three or 
more of seven parameters, namely, drainage area, main-channel slope, storage, 
forest cover, mean annual snowfall, precipitation intensity index, and soil 
permeability.  These equations are applicable to all drainage areas in Wisconsin 
except for highly regulated streams, main stems of rivers given separate treatment, 
and highly urbanized areas of the state. 

  
 (2) Watershed Comparison 
 
  The results obtained from the above regression equations should be compared to 

similar gaged watersheds listed in reference (2) above using the area transfer 
formulas and procedures detailed in that document.  A good discussion and  

  examples of the use of regression equations and basin comparison methods can  
  be seen in the WisDOT Facilities Development Manual, Procedure 13-10-5.
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The flood frequency discharges listed in reference (2) are for flood records up to  
|  2000.  More years of data are available from the USGS for most of the gaged  
|  watersheds.  

 
  The flood frequency discharges for the gaged watersheds can be updated past  

|  water year 2000 by using the Log-Pearson Type III distribution method as 
described in Bulletin #17B entitled Guidelines For Determining Flood Flow 
Frequency (3)(4) and the guidelines for weighting the station skew with the 
generalized skew in S.NR116.07, Wisconsin’s Floodplain Management Program 
(1).   

  
 (3) Flood Insurance Studies  
 
            The Federal Emergency  Management Agency (FEMA) had contracted for detailed 
  flood studies throughout Wisconsin.  They were developed for floodplain   
  management and flood insurance purposes.  These Flood Insurance Studies (FIS) 
  on file with Floodplain-Shoreland Management Section of the Wisconsin Dept. of  

|  Natural Resources (DNR) contain discharge values for many sites.  These studies,  
|  along with other various floodplain studies, may be obtained from the DNR’s 
|  Floodplain Analysis Interactive Map by using the following link:   
|  http://www.dnr.state.wi.us/org/water/wm/dsfm/section/mapindex.htm  

 
 (4) Soil Conservation Service 
 
  For small watersheds in urban and rural areas, the Soil Conservation Service (SCS) 

has developed procedures to calculate storm runoff volumes, peak rates of 
discharge, hydrographs and storage volumes.  The procedure is documented in 
Technical Release 55 Urban Hydrology for Small Watersheds (5). 

 
 (5) References 
 
  1) Wisconsin Department of Natural Resources, Wisconsin’s Floodplain  

|   Management Program, Chapter NR116, Register, August 2004, No. 584. 
 
  2) U. S. Geological Survey, Flood-Frequency Characteristics of Wisconsin  

|   Streams.  Water-Resources Investigations Report 03-4250, 2003.  (Report can  
|   be found on the USGS web site using the following link:   
|   http://wi.water.usgs.gov/projects/flood/index.html)  

 
  3) United States Water Resources Council, Guidelines for Determining Flood 
   Flow Frequency, Bulletin #17B, Revised September 1981.                   
   

  

http://www.dnr.state.wi.us/org/water/wm/dsfm/section/mapindex.htm
http://wi.water.usgs.gov/projects/flood/index.html
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4) U. S. Geological Survey, Guidelines for Determining Flood Flow  Frequency,  
   Bulletin #17B Revised September 1981, Editorial Corrections, March 1982. 
   

  5) U.S. Department of Agriculture, Soil Conservation Service, Urban Hydrology  
   for Small Watersheds, Technical Release 55 (2nd Edition), June 1986.  
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8.3 HYDRAULIC DESIGN OF BRIDGES 
 

Bridge design for roadway stream crossings requires analysis of the hydraulic 
characteristics for both the “existing conditions” and the “proposed conditions” of the 
project site.  A thorough hydraulic analysis is essential to providing a properly sized, safe 
and economical bridge design and assessing the relative impact that the proposed bridge 
has on the floodplain.  The following subsections discuss design considerations and 
hydraulic design procedures for bridges.  See Appendix 8-A for a sample Site - Hydraulic 
report which discusses the hydraulic design aspects of the bridge as well as other site 
characteristics that influenced the selection of the proposed structure. 

(1) Hydraulic Design Factors 
 

Several hydraulic factors dictate the design of both the bridge and the approach 
roadway within the floodplain limits of the project site.  The critical hydraulic factors 
for design consideration are: 

 
A. Velocity  

 
    Velocity through the bridge opening is a major design factor.  Velocity relates 

    to the scour potential in the bridge opening and the development of scour 
areas adjacent to the bridge.  Examination of the “existing conditions” model, 
existing site conditions, soil conditions, and flooding history will give good 
insight to acceptable design velocity.  Generally, velocities through bridges of 
less than 10 feet per second are acceptable.  However, velocities up to 14 
feet  per second may be adequately addressed with heavy riprap protection.  

 
B. Roadway Overflow  

 
The vertical alignment of the approach grade is a critical factor in the bridge  
design when roadway overflow is a design consideration.  The two important  
design features of roadway overflow is overtopping velocity and overtopping  
frequency.   See Section 8.3(2)(F-2).   

 
C. Bridge Skew  

 
When a roadway is at a skew angle to the stream or floodway, the bridge 
shall also be at a skew to the roadway with the abutments and piers parallel 
to the flow of the stream.  The hydraulic section through the bridge shall be 
the skewed section normal to the flow of the stream. Generally, in the 
design of stream crossing, the skew of the structure should be varied in 
increments of 5 degrees where practical.  Improper skew can greatly 
aggravate the magnitude of scour.  
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D. Backwater and High-water Elevation  
 

Roadways and bridges are generally restrictions to the normal flow of   
floodwaters and increase the flood profile in most situations.  The increase in 
the flood profile is referred to as the backwater and the resultant upstream 
water surface elevation is referred to as the High-water Elevation (HW).   

 
The high-water elevation or backwater calculations at the bridge are directly  
related to the bridge size and roadway alignment, which dictates all of the  
aforementioned hydraulic design factors.  A significant design consideration  
when computing backwater is the potential for increasing flood damage for  
upstream property owners.  The Cooperative Agreement between the Wis.  
Department of Natural Resources (DNR) and Wis. Department of  
Transportation (DOT) (Appendix 8-B) defines the policy for high-water  
elevation design.  That portion of the Cooperative Agreement relating to  
floodplain considerations is based on the Wisconsin Adm. Rule NR116,  
“Wisconsin Floodplain Management Program”.  It is advisable to thoroughly  
study both documents as they can significantly influence the hydraulic design  
of the bridge. 
   
One very subtle backwater criteria which is not addressed under the 
guidelines of the DNR-DOT Cooperative Agreement, is the backwater 
produced for flood events less than the 100 year frequency flood.   Design 
consideration should be given to the more frequent flood events when there is 
potential for increasing the extent and frequency of flood damage upstream.  

 
E. Freeboard  

 
Freeboard is defined as the vertical distance between the low cord elevation 
of the bridge superstructure and the high-water elevation.  A freeboard of 2.0 
feet is the desirable minimum for all types of superstructures.  However, 
economics, vertical and horizontal alignment, and the scope of the project 
may force a compromise to the 2 foot minimum freeboard.  For these 
situations, close evaluation shall be made of the type and amount of debris 
and ice that would pass through the structure.  

 
It has become common practice that if debris and ice are a potential problem, 
or adequate freeboard can not be provided, a concrete slab superstructure is 
preferred.  A girder superstructure may be susceptible to damage when ice  
and/or debris is a significant problem.  Girder structures are more susceptible 
to damage associated with buoyancy and lateral hydrostatic forces. Recent 
updates to policy have provided for the use of Precast Pretensioned Slab and Box 
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Sections where desirable freeboard can not be provided and conventional 
cast in place slabs can not be employed.  Updates to the policy include the 
following: 
  
1. Precast Pretensioned Slab and Box Sections may be in the water for 

  the 100-year flood.  The designer will be responsible for ensuring the 
  stability of the structure for buoyant and lateral forces. 

 
2. If  Precast Pretensioned Slab and Box Sections are in contact with 

water  for flood events equal to or less than a 5-year event, the Precast 
Pretensioned Slab and Box Sections must be cast solid. 

 
3. If  Precast Pretensioned Slab and Box Sections are in contact with 

water  for flood events equal to or less than a 100-year event, the void 
in Precast Pretensioned Slab and Box Sections must be cast with a 
non water absorbing material.   

 
F. Scour 

 
Investigation of the potential for scour at the bridge site is a design 
consideration for the bridge opening geometry and size, as well as pier and 
abutment design.  Bridges shall be designed to withstand the effects of scour 
from a super-flood (a flood exceeding the 100-year flood) without failing; i.e., 
experiencing foundation movement of a magnitude that requires corrective 
action. See Section 8.3(2)(G).  Generally, scour associated with a 100-year 
event without significant reduction in foundation factor of safety will 
accomplish this objective.  For situations where a combination of flow through 
a bridge and over the roadway exist, scour should also be evaluated for flow 
conditions at the onset of flow over topping when velocity through the bridge 
may be the greatest. 

 
(2) Design Procedures 

 
A. Determine Design Discharge 

 
    See Section 8.2 for procedures. 
 

B. Determine Hydraulic Stream Slope 
 

The primary method of determining the hydraulic slope of a stream is 
surveying the water surface elevation through a reach of stream 1500 feet 
upstream to 1500 feet downstream of the site.  Intermediate points through 
this reach should also be surveyed to detect any significant slope variation. 
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There are situations, particularly on flat stream profiles, where it is difficult to  
determine a realistic slope using survey data.  This will occur at normal water 
surface elevation at the mouth of a stream, upstream of a dam, or other 
significant restriction in the stream.  In this case a USGS 7-1/2” quadrangle 
map and existing flood studies of the stream can be investigated to determine 
a reasonable stream slope. 

 
C. Select Floodplain Cross-Section(s) 

 
Generally, a minimum of two floodplain valley cross-section are required to 
perform the hydraulic analysis of a bridge.  The section shall be normal to the 
stream flow at flood stage and approximately one bridge length upstream and 
downstream of the structure.   A detailed cross-section of one or both faces of 
the bridge will also be required.  If the section is skewed to the flow, the 
horizontal stationing shall be adjusted using the cosine of the skew angle. 

 
Field survey cross-sections will be needed when a contour map is plotted 
using stereographic methods. A field survey section is needed for that portion 
below the normal water surface. 

 
Cross-sections taken from contour maps are acceptable when the information 
is supplemented with field survey sections and data. Additional sections may 
be required to develop a proper hydraulic model for the site.  

 
The hydraulic cross-sections should not include slack water portions of the 
flood plain or portions not contributing to the downstream movement of water. 

 
Plot the elevation view of the Section(s) on cross-section paper for ease in 
dividing into sub-areas and developing a pictorial view of the section(s).  Refer 
to Facilities Development Manual Procedure 9-55-5 for a discussion of 
Drainage Structure Surveys. 

 
D. Assign “Manning n” Values to Section(s) 

 
“Manning n” values are assigned to the cross-section sub-areas.  Generally, 
the main channel will have different “manning n” values than the overbank 
areas.  Values are chosen by on-site inspection, pictures taken at the section, 
and use of aerial photos defining the extent of each “n” value.  There are 
several published sources on open channel hydraulics which contain tables for 
selecting appropriate “n” values.   See references (1) and (2).   
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E. Select Hydraulic Model Methodology 
 
                   There are several public and private computer software programs available 
    for modeling open channel hydraulics, bridge hydraulics, and culvert  
    hydraulics.  Three public domain computer software programs that are most 
    prevalent and preferred in Wisconsin bridge design work are “WSPRO”,  
    “HY8”, and “HEC-2 (HEC-RAS)”. 
 

|    The WSPRO methodology is tailored specifically for bridge hydraulics with  
|    many appropriate default coefficients and analysis options. The HEC-2 

program and its successor HEC-RAS should be used where existing HEC-2 
data is available from a previous Flood Insurance Study or when there is a 
need for a more sophisticated floodplain model.  HEC-2 & HEC-RAS have 
more options and capabilities when modeling complex floodplains than 
WSPRO and require a greater amount of expertise to correctly apply.  More 
information of these two programs is given below.  “HY-8” is a FHWA 
sponsored culvert analysis package based the FHWA Publication “Hydraulic 
Design of Highway Culverts” (HDS-5).  

 
   WSPRO 
 

   “Water Surface Profiles (WSPRO)” is a computer software program 
developed by the U.S. Geological Survey under contract with the Federal 
Highway Administration.  WSPRO was specifically oriented toward hydraulic 
design of highway bridges although it is equally suitable for water surface 
profile computations unrelated to highway and bridge design.  The program 
uses conventional techniques for computing a gradually-varied flood profile as 
in other step-backwater models.  However, bridge backwater computations 
are based on relatively recent developments in backwater analysis by USGS 
in a publication entitled Measurement of Peak Discharge at Width 
Contractions by Indirect Methods (3).  Recent (1998) updates to the WSPRO 
program include full Metric capabilities, fully automated Scour analysis, and 
Floodway analysis. 

 
    A PC version of the WSPRO program and supporting documents are  
    available through the “Mctrans Center” at the University of Florida at  
    Gainesville.  (See Appendix 8-C).  For a complete treatise on the 

methodology of the program refer to reference (4).   
 
   HY8 
 
   HY8 is a program that presents FHWA publication HDS-5 procedures for  
   analysis and design of highway culverts, design of energy dissipaters, storm  
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  hydrograph generation, and reservoir routing upstream of a culvert. Culvert 
hydraulics computations for circular, rectangular, elliptical, metal box, high 
and low profile arch, and arch shapes as well as for a user-defined geometry 
are performed.  This methodology is discussed in Section 8.4.2(D). - 
Hydraulic Design of Box Culverts. 

 
    HEC-2 & HEC-RAS 
 
  The U.S. Army Corps of Engineers developed the water surface profile 

 software program “HEC-2” in the early 1970’s.  It was a very popular program 
 with the private sector as well as local agencies involved in water resource 
 engineering.  The primary use was to develop detailed Flood Insurance 
 Studies (FIS) for the National Flood Insurance program.  It has not been 
 widely used in Wisconsin for hydraulic bridge design.  However, it has been 
 used for bridge design where the hydraulic model for a detailed flood 
 insurance study is available.  HEC-RAS is the descendant of HEC-2.  HEC-
 RAS is part of the Corps of Engineers “Next Generation” software application. 

   
         For a complete treatise on the methodology of the program, see reference (5) 

 & (5a). The PC version of the program and supporting documents are also 
 available through the McTrans Center. 

                 
F. Develop Hydraulic Model 

 
First, a hydraulic model shall be developed for the “existing conditions” at the 
bridge site.  This shall become the basis for hydraulic design of “proposed 
conditions” for the project and allows for an assessment of the relative 
hydraulic changes associated with the proposed structure.  Special attention 
should be given to historic high-water and flood history, evidence of scour 
(high velocity), roadway overtopping, existing high-water, and compatibility 
with existing Flood Insurance Study (FIS) profiles.   When current information 
and/or estimates of site conditions or flows differ significantly from adopted 
regulatory information (FIS), it may be necessary to compute both “design” 
and “regulatory” existing and proposed conditions.   

 
There are a number of encompassing features of a steady state (flow is 
constant) hydraulic model for a roadway stream crossing.  They include the 
natural adjacent floodplain, subject structure, any supplemental structures, 
and the roadway.  Accurate modeling and calculations need to account for all 
potential conveyance mechanisms.   Generally, most modern step-backwater 
methodologies can incorporate all of the above elements in the evaluation of 
hydraulic characteristics of the project site.      
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1) Bridge Hydraulics           
 

The three most common types of flow through bridges are free surface 
flow (low flow), free surface (unsubmerged) orifice flow and submerged 
orifice flow.  The latter two are also referred to as pressure flow.  All of 
the above flow conditions may also occur simultaneously with flow over 
the roadway.  

 
    There are situations in which steep stream slopes are encountered and 

the flow may be supercritical (Froude No. > 1).  This is a situation in 
which theoretically no backwater is created.  For critical and 
supercritical flow situations the profile calculation would proceed from 
upstream to downstream. If this situation is encountered, the accuracy 
of the hydraulic model may be suspect and it is questionable whether 
the bridge should impose any constrictions on the stream channel.  
Sufficient clearance should be provided to insure that the 
superstructure will not come in contact with the flow. 

 
Generally, in Wisconsin, most natural stream flow in a sub-critical 
(Froude No. < 1) regime.  Therefore, the water surface profile 
calculation will proceed from downstream to upstream.  

 
A sample problem of bridge hydraulic using WSPRO is given below: 

 
Sample Problem 

 
1. Computed Q100 = 750 c.f.s. 
 
2. Slope = .004 ‘/’ (survey 1500 feet up/down stream) 

 
3. The cross-sections selected for the WSPRO analysis are shown 

on the contour map (Figure 8.3.1).  The plotted sections with 
sub-areas and assigned “n” values are shown in Figures 8.3.2 
and 8.3.3. 

 
4. The proposed bridge is a 35 ft. concrete flat slab on A-1 

abutments.   From the output the Bridge area =  111.2 sq. ft., 
Bridge velocity = 6.75 ft./sec, Backwater = 0.654 ft., High-water 
elev. 972.267.  See WSPRO Sample Problem Input and Output. 
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FIGURE 8.3.1 
Contour and Cross-Section Location
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FIGURE 8.3.2 
WSPRO CROSS-SECTIONS
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FIGURE 8.3.3 
WSPRO CROSS-SECTIONS 
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T1         B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00 
T2         TOWN OF WINGPORT, MADISON COUNTY. 
T3         PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99 
* 
* 
J3         6,5,17,13,15,7,3 
* 
SI 0 
* 
Q          750 
* 
SK         0.004 
* 
* 
XS   EXIT  000 
* 
GR         200,970 323,970 360,970 384,969 394,968 
GR         400,967 410,967 416,969 421,970 442,972 457,973 
GR         489,975 519,976 
* 
N          0.075, 0.040, 0.075 
* 
SA         384, 416 
* 
* 
XS   FULV  147 
* 
GR         200,971 362,971 386,969 392,968 398,967 399,966.6 
GR         404,966.7 410,967 418,969 462,974 519,976 
* 
N          0.075, 0.040, 0.075 
* 
SA         386, 418 
* 
* 
BR   BRDG  147, 973.4 
* 
GR         386,973.4 386,970.2 388.6,970.2 394,966.6 399,966.7 
GR         404,966.6 409,967.8 414,968.9 416.5,970.6 419,970.6 
GR         419,973.8 386,973.4 
* 
CD         3   38   3.0  975.5 
* 
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N          0.04 
* 

SA 
* 
* 
XS   APPR  235 
* 
GR         251,978 301,975 319,974 346,973 383,970 393,969 
GR         397,968 400,967 405,967 411,968 416,970 423,975 
GR         427,976 
* 
N          0.075, 0.040, 0.075 
* 
SA         393, 416 
* 

EX 
* 

ER 
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*************************  W S P R O  *************************** 
Federal Highway Administration  -  U. S. Geological Survey 

Model for Water-Surface Profile Computations.  
          Run Date & Time:  3/ 9/1999  5:44 pm     Version V061698 
            Input File: B75-99P.WSP    Output File: B75-99P.LST  
      *---------------------------------------------------------------*  
   T1         B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00 
   T2         TOWN OF WINGPORT, MADISON COUNTY. 
   T3         PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99 
   J3         6,5,17,13,15,7,3 
+++082 NOTICE:  J3 Record Replaced With UT Record (See Users Manual). 
 S10      
Q             750 
 
***   Processing Flow Data; Placing Information into Sequence  1   *** 
 
   SK         0.004 
*************************  W S P R O  ***************************************** 
         Federal Highway Administration  -  U. S. Geological Survey 

Model for Water-Surface Profile Computations.  
Input Units: English  /  Output Units: English 

   *----------------------------------------------------------------------*  
B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00                 

TOWN OF WINGPORT, MADISON COUNTY.                            
PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99                     

     *---------------------------------------------------*  
*  Starting To Process Header Record EXIT       * 

     *---------------------------------------------------*  
  
   XS   EXIT  000                                                              
   GR         200,970 323,970 360,970 384,969 394,968 
   GR         400,967 410,967 416,969 421,970 442,972 457,973 
   GR         489,975 519,976 
   N          0.075, 0.040, 0.075 
   SA         384, 416 
 
    ***   Completed Reading Data Associated With Header Record EXIT    *** 
    ***  Storing X-Section Data In Temporary File As Record Number  1  *** 
    ***              Data Summary For Header Record EXIT               *** 
    SRD Location:        0.   Cross-Section Skew:    .0   Error Code   0 
    Valley Slope:   .00000    Averaging Conveyance By Geometric Mean.       



BRIDGE MANUAL                         HYDRAULICS                             
_________________________________________________________________________ 

___________________________________________________________________________ 
 
Date:   January, 2006                                                             Page           23 

SECTION 8.3 

    Energy Loss Coefficients ->   Expansion:   .50   Contraction:   .00 
 

X,Y-coordinates (13 pairs) 
        X          Y             X          Y             X          Y 
   ----------  ----------   ----------  ----------   ----------  ---------- 
      200.000   970.000    323.000    970.000    360.000     970.000 
      384.000   969.000    394.000    968.000    400.000     967.000 
      410.000   967.000    416.000    969.000    421.000     970.000 
      442.000   972.000    457.000    973.000    489.000     975.000 
      519.000   976.000 
   ----------  -------------   ----------  -----------   ----------   ---------- 
 

Minimum and Maximum X,Y-coordinates 
     Minimum X-Station:     200.000  ( associated Y-Elevation:  970.000 ) 
     Maximum X-Station:     519.000  ( associated Y-Elevation:  976.000 ) 
     Minimum Y-Elevation:   967.000  ( associated X-Station:    410.000 ) 
     Maximum Y-Elevation:   976.000  ( associated X-Station:    519.000 ) 
 
 

Roughness Data (  3 SubAreas ) 
                               Roughness    Horizontal 
                     SubArea  Coefficient   Breakpoint 
                     -------  -----------  ------------ 
                        1         .075         --- 
                                  ---         384.000 
                        2         .040         --- 
                                  ---         416.000 
                        3         .075         --- 
                     -------  -----------  ------------ 
 
  
             *---------------------------------------------------*  

  * Finished Processing Header Record EXIT       * 
             *---------------------------------------------------* 
*************************  W S P R O  ************************************ 
     Federal Highway Administration  -  U. S. Geological Survey 

     Model for Water-Surface Profile Computations.  
         Input Units: English  /  Output Units: English 
    *-----------------------------------------------------------------------------------------------*  
      B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00                

     TOWN OF WINGPORT, MADISON COUNTY.                          
   PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99                     
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            *---------------------------------------------------*  
       *  Starting To Process Header Record FULV       * 

            *---------------------------------------------------*  
  
   XS   FULV  147                                                              
   GR         200,971 362,971 386,969 392,968 398,967 399,966.6 
   GR         404,966.7 410,967 418,969 462,974 519,976 
   N          0.075, 0.040, 0.075 
   SA         386, 418 
 
    ***   Completed Reading Data Associated With Header Record FULV    *** 
    ***  Storing X-Section Data In Temporary File As Record Number  2  *** 
     
    ***              Data Summary For Header Record FULV               *** 
    SRD Location:      147.   Cross-Section Skew:    .0   Error Code   0 
    Valley Slope:   .00000    Averaging Conveyance By Geometric Mean.       
    Energy Loss Coefficients ->   Expansion:   .50   Contraction:   .00 
 

X,Y-coordinates (11 pairs) 
        X          Y             X          Y             X          Y 
   ------------  -----------   ----------   ----------    ----------   ---------- 
      200.000     971.000      362.000     971.000      386.000     969.000 
      392.000     968.000      398.000     967.000      399.000     966.600 
      404.000     966.700      410.000     967.000      418.000     969.000 
      462.000     974.000      519.000     976.000 
   ------------  -----------   ----------   ----------    ----------   ---------- 
 

Minimum and Maximum X,Y-coordinates 
     Minimum X-Station:     200.000  ( associated Y-Elevation:  971.000 ) 
     Maximum X-Station:     519.000  ( associated Y-Elevation:  976.000 ) 
     Minimum Y-Elevation:   966.600  ( associated X-Station:    399.000 ) 
     Maximum Y-Elevation:   976.000  ( associated X-Station:    519.000 ) 
 

Roughness Data (  3 SubAreas ) 
                               Roughness    Horizontal 
                     SubArea  Coefficient   Breakpoint 
                     -------  -----------  ------------ 
                        1         .075         --- 
                                  ---         386.000 
                        2         .040         --- 
                                  ---         418.000 
                        3         .075         --- 
                     -------  -----------  ------------ 
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            *---------------------------------------------------*  
 * Finished Processing Header Record FULV       * 

            *---------------------------------------------------* 
*************************  W S P R O  *************************** 
Federal Highway Administration  -  U. S. Geological Survey 

Model for Water-Surface Profile Computations.  
    Input Units: English  /  Output Units: English 
*--------------------------------------------------------------------*  
  B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00                 

TOWN OF WINGPORT, MADISON COUNTY.                            
PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99                     

 
*-------------------------------------------------------------*  
* Starting To Process Header Record BRDG       * 
*-------------------------------------------------------------*  
  
   BR   BRDG  147, 973.4                                                       
   GR         386,973.4 386,970.2 388.6,970.2 394,966.6 399,966.7 
   GR         404,966.6 409,967.8 414,968.9 416.5,970.6 419,970.6 
   GR         419,973.8 386,973.4 
   CD         3   38   3.0  975.5 
   N          0.04 

SA         
   ***      Completed Reading Data Associated With Header Record BRDG    *** 
+++072 NOTICE:  X-coordinate # 2 increased to eliminate vertical segment. 
+++072 NOTICE:  X-coordinate #11 increased to eliminate vertical segment. 
   ***      Storing Bridge Data In Temporary File As Record Number  3    *** 
 
    ***              Data Summary For Bridge Record BRDG               *** 
    SRD Location:      147.   Cross-Section Skew:    .0   Error Code   0 
    Valley Slope:  *******    Averaging Conveyance By Geometric Mean.       
    Energy Loss Coefficients ->   Expansion:   .50   Contraction:   .00 
 

X,Y-coordinates (12 pairs) 
        X           Y               X          Y             X        Y 
   ------------  ------------    ----------  ----------   ----------  ---------- 
      386.000     973.400      386.100     970.200      388.600     970.200 
      394.000     966.600      399.000     966.700      404.000     966.600 
      409.000     967.800      414.000     968.900      416.500     970.600 
      419.000     970.600      419.100     973.800      386.000     973.400 
   ------------  -----------     ----------  ----------   ----------  ---------- 
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                    Minimum and Maximum X,Y-coordinates 
     Minimum X-Station:     386.000  ( associated Y-Elevation:  973.400 ) 
     Maximum X-Station:     419.100  ( associated Y-Elevation:  973.800 ) 
     Minimum Y-Elevation:   966.600  ( associated X-Station:    404.000 ) 
     Maximum Y-Elevation:   973.800  ( associated X-Station:    419.100 ) 
 

Roughness Data (  1 SubAreas ) 
                               Roughness    Horizontal 
                     SubArea  Coefficient   Breakpoint 
                     -------  -----------  ------------ 

  1         .040         --- 
                     -------  -----------  ------------ 
 

Discharge coefficient parameters 
                 BRType   BRWdth   EMBSS   EMBElv    UserCD 
                   3       38.000   3.00   975.500 ********** 
 
                         Pressure flow elevations 
                            AVBCEL     PFElev 
                         ************    973.400 

Abutment Parameters 
ABSLPL  ABSLPR   XTOELT    YTOELT    XTOERT    YTOERT 

     *********  *********   ********* ************ ************  ************* 
 

** No Pier/Pile Data Encountered ** 
  
  *---------------------------------------------------*  
  *   Finished Processing Header Record BRDG       * 
  *---------------------------------------------------* 
*************************  W S P R O  *************************** 

Federal Highway Administration  -  U. S. Geological Survey 
Model for Water-Surface Profile Computations.  

     Input Units: English  /  Output Units: English 
   *---------------------------------------------------------------*  
      B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00                 

       TOWN OF WINGPORT, MADISON COUNTY.                            
     PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99                     

       *---------------------------------------------------------------*  
  *    Starting To Process Header Record APPR       * 

       *---------------------------------------------------------------*  
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   XS   APPR  235                                                              
   GR         251,978 301,975 319,974 346,973 383,970 393,969 
   GR         397,968 400,967 405,967 411,968 416,970 423,975 
   GR         427,976 
   N          0.075, 0.040, 0.075 
   SA         393, 416 
 
    ***   Completed Reading Data Associated With Header Record APPR    *** 

***  Storing X-Section Data In Temporary File As Record Number  4  *** 
    ***              Data Summary For Header Record APPR               *** 
    SRD Location:      235.   Cross-Section Skew:    .0   Error Code   0 
    Valley Slope:   .00000    Averaging Conveyance By Geometric Mean.       
    Energy Loss Coefficients ->   Expansion:   .50   Contraction:   .00 
 

X,Y-coordinates (13 pairs) 
        X          Y             X          Y             X          Y 
   -----------  ------------   -----------  ----------   -----------   ------------ 
      251.000     978.000      301.000     975.000      319.000     974.000 
      346.000     973.000      383.000     970.000      393.000     969.000 
      397.000     968.000      400.000     967.000      405.000     967.000 
      411.000     968.000      416.000     970.000      423.000     975.000 
      427.000     976.000 
   ------------  -----------   -----------  ----------   ----------    ------------ 
 

Minimum and Maximum X,Y-coordinates 
     Minimum X-Station:     251.000  ( associated Y-Elevation:  978.000 ) 
     Maximum X-Station:     427.000  ( associated Y-Elevation:  976.000 ) 
     Minimum Y-Elevation:   967.000  ( associated X-Station:    405.000 ) 
     Maximum Y-Elevation:   978.000  ( associated X-Station:    251.000 ) 

 
Roughness Data (  3 SubAreas ) 

                               Roughness    Horizontal 
                     SubArea  Coefficient   Breakpoint 
                     -------  -----------    ------------ 
                        1         .075         --- 
                                  ---         393.000 
                        2         .040         --- 
                                  ---         416.000 
                        3         .075         --- 
                     -------  -----------  ------------ 
 

Bridge datum projection(s):  XREFLT  XREFRT  FDSTLT  FDSTRT 
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                             ******* ******* ******* ******* 
  
            *---------------------------------------------------*  

 * Finished Processing Header Record APPR       * 
            *---------------------------------------------------* 
*************************  W S P R O  *************************** 

Federal Highway Administration  -  U. S. Geological Survey 
Model for Water-Surface Profile Computations.  

   Input Units: English  /  Output Units: English 
      *--------------------------------------------------------------------------*  

B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00                 
       TOWN OF WINGPORT, MADISON COUNTY.                            

        PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99                     

EX         
 
 
 
 
           *===================================================* 

* Summary of Boundary Condition Information     * 
           *===================================================* 
  
             Reach      Water Surface   Friction 
       #   Discharge      Elevation      Slope         Flow Regime 
      --   ---------     -------------     --------   -------------------- 
       1      750.00      ********            .0040        Sub-Critical    
      --   ---------     -------------     --------   -------------------- 
  
 
 
 
 
 
 
 
 
 
 
 



BRIDGE MANUAL                         HYDRAULICS                             
_________________________________________________________________________ 

___________________________________________________________________________ 
 
Date:   January, 2006                                                             Page           29 

SECTION 8.3 

           *===================================================* 
* Beginning  1 Profile Calculation(s)        * 

           *===================================================* 
*************************  W S P R O  *************************** 

Federal Highway Administration  -  U. S. Geological Survey 
Model for Water-Surface Profile Computations.  
Input Units: English  /  Output Units: English 

      *------------------------------------------------------------------------*  
B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00                 

TOWN OF WINGPORT, MADISON COUNTY.                            
      PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99                     

<< Beginning Computations for Profile  1 >> 
                      WSEL    VHD       Q         AREA      SRDL      LEW 
                      EGEL     HF       V          K        FLEN      REW 
                      CRWS     HO      FR #        SF       ALPHA     ERR 
                   --------- ------ ---------- ---------- --------- --------- 
  Section: EXIT      970.925   .275    750.000    295.364 *********   200.000 
  Header Type: XS    971.200 ******      2.539   11856.03 *********   430.710 
  SRD:       .000    970.576 ******       .656     ******     2.747    ****** 
 
===125 FR# EXCEEDS FNTEST AT SECID “FULV “:  TRIALS CONTINUED. 

  FNTEST, FR#, WSEL, CRWS:   .80     .81     971.43     970.20 
===110 WSEL NOT FOUND AT SECID “FULV “:  REDUCED DELTAY. 

  WSLIM1, WSLIM2, DELTAY:   970.20     976.00     .50 
===115 WSEL NOT FOUND AT SECID “FULV “:  USED WSMIN = CRWS. 
       WSLIM1, WSLIM2, CRWS:   970.20     976.00     970.20 
 
  Section: FULV      971.419   .355    750.000    252.007    147.000   200.000 
  Header Type: FV    971.774   .528      2.976   13219.32   147.000   439.290 
  SRD:    147.000    970.200   .040       .821      .0036     2.576      .007 
 

<<< The Preceding Data Reflect The “Unconstricted” Profile >>> 
===125 FR# EXCEEDS FNTEST AT SECID “APPR “:  TRIALS CONTINUED. 

 FNTEST, FR#, WSEL, CRWS:   .80     .88     971.60     971.14 
 

===110 WSEL NOT FOUND AT SECID “APPR “:  REDUCED DELTAY. 
 WSLIM1, WSLIM2, DELTAY:   971.14     978.00     .50 
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===115 WSEL NOT FOUND AT SECID “APPR “:  USED WSMIN = CRWS. 
  WSLIM1, WSLIM2, CRWS:   971.14     978.00     971.14 

 
===135 CONVEYANCE RATIO OUTSIDE OF RECOMMENDED LIMITS AT SECID “APPR “. 
        KRATIO:   .63 
 
  Section: APPR      971.613   .863    750.000    124.591    88.000   363.107 
  Header Type: AS    972.476   .448      6.020    8351.22    88.000   418.258 
  SRD:    235.000    971.137   .254       .874      .0051     1.531     -.001 
 

<<< The Preceding Data Reflect The “Unconstricted” Profile >>> 
<<< The Following Data Reflect The “Constricted” Profile >>> 
<<< Beginning Bridge/Culvert Hydraulic Computations >>> 

                      WSEL    VHD       Q         AREA      SRDL      LEW 
                      EGEL     HF       V          K        FLEN      REW 
                      CRWS     HO      FR #        SF       ALPHA     ERR 
                   --------- ------ ---------- ---------- --------- --------- 
  Section: BRDG      971.462   .708    750.000    111.160   147.000   386.061 
  Header Type: BR    972.170   .807      6.747    8613.35   147.000   419.027 
  SRD:    147.000    970.540   .160       .648     ******     1.000     -.007 
 
  Specific Bridge Information   C     P/A   PFELEV    BLEN      XLAB      XRAB 
  Bridge Type 3   Flow Type 1 ------ ----- -------- -------- --------- --------- 
  Pier/Pile Code **           1.0000  .000  973.400 ******** ********* ********* 
  --------------------------- ------ ----- -------- -------- --------- --------- 
      Unconstricted Full Valley Section Water Surface Elevation:    971.419 
      Downstream Bridge Section Water Surface Elevation:            971.462 
      Bridge DrawDown Distance:                                       -.043 
  ---------------------------------------------------------------------------- 
 
                      WSEL    VHD       Q         AREA      SRDL      LEW 
                      EGEL     HF       V          K        FLEN      REW 
                      CRWS     HO      FR #        SF       ALPHA     ERR 
                   --------- ------ ---------- ---------- --------- --------- 
  Section: APPR      972.267   .548    750.000    163.600    50.000   355.041 
  Header Type: AS    972.815   .285      4.584   11437.87    50.325   419.174 
  SRD:    235.000    971.137   .359       .655      .0051     1.677     -.008 
 
          ** Change in Approach Section Water Surface Elevation:  .654 ** 
 
                Approach Section APPR  Flow Contraction Information 
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              M( G )   M( K )     KQ       XLKQ      XRKQ     OTEL 
             -------- -------- --------- --------- --------- -------- 

.402     .080  10562.0  387.546  420.512  972.267 
             -------- -------- --------- --------- --------- -------- 
 

<<< End of Bridge Hydraulics Computations >>> 
<< Completed Computations of Profile  1 >> 

*************************  W S P R O  ****************************************** 
Federal Highway Administration  -  U. S. Geological Survey 

Model for Water-Surface Profile Computations.  
Input Units: English  /  Output Units: English 

      *---------------------------------------------------------------------------*  
B-75-99, STH 175, OVER LIMESTONE CREEK I.D. #8510-15-00                 

TOWN OF WINGPORT, MADISON COUNTY.                            
PROPOSED CONDITIONS    BY WLO OF WISDOT 3-8-99                     

 
=== User Defined Table 1 of 1 === 

SRD        Q       AREA       VEL      CRWS       EGL      WSEL 
           --------- --------- --------- --------- --------- --------- --------- 
 1 EXIT        .000   750.000     295.4     2.539   970.576   971.200   970.925 
 2 FULV     147.000   750.000     252.0     2.976   970.200   971.774   971.419 
 3 APPR     235.000   750.000    124.6     6.020   971.137   972.476   971.613 
 4 BRDG    147.000   750.000     111.2     6.747   970.540   972.170   971.462 
 5 APPR     235.000   750.000     163.6     4.584   971.137   972.815   972.267 

ER         
******************  Normal end of WSPRO execution.  ***************** 
*************** Elapsed Time:   0 Minutes  1 Seconds  ************** 

 
*******  NOTE:  Backwater = 972.267 - 971.613 = 0.654 feet  ******** 
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  2) Roadway Overflow 
 
   One potential element in developing a hydraulic model for a stream crossing 

is roadway overflow.  It is sometimes necessary to compute flow over 
highway embankments in combination with flow through structure openings. 
Most automated methodologies will incorporate the division of flow through a 
structure and over the road in determination of the solution. The WSPRO 
methodology will conduct the “combined flow” solution and internally 
determine and adjust the coefficient of discharge for both the structure and 
roadway weir section.  Other methodologies (i.e. HEC-2, HEC-RAS) rely on 
user defined coefficients for both the structure and roadway flow solutions. 
The discharge equation and coefficients for flow over a highway embankment 
are given in this section.   

 
   The geometry and flow pattern for a highway embankment are illustrated in 

Figure 8.3.4.  Under free flow conditions critical depths occur near the crown 
line.  The head (H) is referred to the elevation of the water above the crown, 
and the length (L), in direction of flow, is the distance between the points of 
the upstream and downstream embankment faces (edge of shoulder).  The 
length (B) of the embankment has no influence on the discharge coefficient. 

 
              The discharge equation is Q = kt C B H 3/2 

Q = discharge 
C = coefficient of discharge 
B = length of flow section along the road normal to the direction of flow  
H = total head = h + hv 
kt = submergence factor 

 
The length of overflow section (B) will be a function of the roadway profile  
grade line and depth of over-topping (h).  Coefficient ( C ) is obtained by  
computing h/L and using Chart 8.3.1 or Chart 8.3.2, for paved or gravel  
roads. 
 
The degree of submergence of a highway embankment is defined by ration 
ht/H.  The effect of submergence on the discharge coefficient (C) is 
expressed by the factor kt as shown in Chart 8.3.3.  The factor kt is multiplied 
by the discharge coefficient (C) for free-flow conditions to obtain the 
discharge coefficient for submerged conditions.  If the degree of submergence 
is greater than 0.9, the computed discharge may not be reliable.  However, the 
portion of the total flow which passes over the road as compared to that which goes 
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through the bridge is usually small, and thus a greater error can be tolerated 
in this computation. 
 
Further discussion for road overflow is found in reference (4). 
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FIGURE 8.3.4 – DEFINITION SKETCH OF FLOW OVER A HIGHWAY EMBANKMENT 
 

 
 
CHART 8.3.2 – DISCHARGE COEFFICIENTS 
   FOR HIGHWAY EMBANKMENTS FOR 
  H/L RATIOS < 0.15 
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       G. Conduct Scour Evaluation 
 
  Evaluating scour potential at bridges is based on recommendations and background 

from FHWA Technical Advisory “Evaluating Scour at Bridges” dated October 28, 
1991 and procedures from the FHWA Hydraulic Engineering Circular No. 18, 
Evaluating Scour at Bridges revised April 1993 (English), November 1995 (Metric),  
and Hydraulic Engineering Circular No. 20 Stream Stability at Highway Structures, 
February 1991 (English), November 1995 (Metric).    

 
  All bridges shall be evaluated to determine the vulnerability to scour.  In the FHWA 

publication Recording and Coding Guide for Structure Inventory and Appraisal of the 
Nation’s Bridges (9), a code system has been established for evaluation.  A section 
in this guide “Item 113 - Scour Critical Bridges” uses a single-digit code to identify 
the status of the bridge regarding its vulnerability to scour.  A reproduction of this 
item is given in Appendix 8-D. 

 
  There are three main components of total scour at a bridge site. They are Long-term 

Aggradation and Degradation, Contraction Scour, and Local Scour.  In addition, 
lateral migration of the stream must be assessed when evaluating total scour at 
substructure units.  Contraction and local scour will be evaluated in the context of 
clear-water and live bed scour conditions. 

    
  Live Bed and Clear Water Scour 
 
  Clear-water scour occurs when there is no or insignificant movement (transport) of  
  the bed material by the flow upstream of the crossing, but the acceleration of flow  
  and vortices created by the piers or abutments causes the bed material in the  
  vicinity of the crossing to move. 
 
  Live-bed scour occurs when there is significant transport of bed material from the 
  upstream reach into the crossing.  
 
  1) Long-term Aggradation and Degradation 
 
   Aggradation is the deposition of eroded material in the stream from the  
   upstream watershed.  Degradation is the scouring (removal) of the streambed  
   resulting from a deficient supply of sediment.  These are subtle long term  
   streambed elevation changes.  These processes are natural in most cases. 
   However, unnatural changes like dam construction or removal, as well as  
   urbanization may cause Aggradation and Degradation.  Excellent reference on 
   this subject and the geomorphology streams is Highways in the River 
   Environment (7), HEC-18, Evaluating Scour at Bridges (6), and HEC-20,  
   Stream Stability at Highway Structures (10). 
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2) Contraction Scour 
 

Generally, Contraction scour is caused by bridge approaches encroaching onto  
the floodplain and decreasing the flow area resulting in an increase in velocity  
through a bridge opening.  The higher velocities are able to transport sediment  
out of the contracted area until an equilibrium is reached.  Contraction scour can 
also be caused by short term changes in the downstream water surface  
elevation, such as bridges located on a meander bend or bridges located in the 
backwater of dams with highly fluctuating water levels.  See reference (6)&(10) 
for discussion and methods of analysis. 
 
Computing Contraction Scour. 

Live-Bed Contraction Scour 
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        y y y average scour depths = − =2 0 ( )  
ys = Average scour depth, ft, m 
y1 = Average depth in the upstream main Channel, ft, m 
y2 = Average depth in the contracted section, ft, m 
y0 = Existing depth in the contracted section before scouring, ft, m 
Q1  = Flow in upstream channel transporting sediment, ft3/s, m3/s 
Q2  = Flow in contracted channel, ft3/s, m3/s   
W1 = Bottom Width of upstream main channel, ft, m 
W2 = Net bottom Width of channel at contracted section, ft, m 
k1 = Exponent for mode of bed material transport, (0.59 - 0.69 see ref. 6)) 

Clear-Water Contraction Scour 
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        y y y average scour depths = − =2 0 ( )  
   

ys = Average scour depth, ft, m  
y2 = Average depth in the contracted section, ft, m 
y0 = Existing depth in the contracted section before scouring, ft, m 
Q  = Discharge through the bridge associated with W, ft3/s, m3/s 

    Dm  = Diameter of the smallest nontransportable particle (1.25D50), ft, m 
     D50  = Median Diameter of the bed material, 50% smaller than ft, m  
    W  = Net bottom Width of channel at contracted section, ft, m 
    
  3) Local Scour 
 
              Local scour is the removal of material from around a pier abutment, spur  
   dike, or the embankment.  It is caused by an acceleration of the flow and/or  
   resulting vortices induced by obstructions to flow. 
     
   Pier Scour & Colorado State University’s (CSU) Equation  
 
   The recommended equation for determination of pier scour in reference (6)  
   is the CSU’s equation.  Velocity is a factor in calculating the Froude Number.  
   Therefore it is applicable where a hydraulic model of the bridge is available.  
   The equation and appropriate charts and tables are shown below in Figure  
   8.3.5.  See reference (6) for a complete discussion of the CSU Equation. 
 

Computing Pier Scour.   The CSU equation for pier scour is: 
 

y
a

K K K K
y
a

Frs =




2 0 1 2 3 4

1
0 35

1
0 43.

.
. (English & Metric)    

ys = Scour depth, ft, m  
y1 = Flow depth directly upstream of the pier, ft, m 
a  = Pier width, ft, m 
Fr1 = Froude number directly upstream of the pier = V1/(gy1)  
V1  = Mea Velocity of flow directly upstream of the pier, ft/s, m/s  
g  = Acceleration of gravity, 32.2 ft/s2, 9.81 m/s2 
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K1 = Correction Factor for pier nose shape (see Table 2 of reference 6) 
K2 = Correction Factor for angle of attack of flow (see Table 3 of reference 6) 
K3 = Correction Factor for bed condition (see Table 4 of reference 6) 
K4 = Correction Factor for armoring by bed material 0.7 - 1.0 (see reference 6) 
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Figure 8.3.5 
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Abutment Scour 

Abutment Scour Equations 
 

Abutment scour analysis is dependent on equations that relate to the degree 
of projection of encroachment (embankment) into the flood plain.  Lack of field 
data to verify any one equation causes doubt on the reliability of scour 
estimates.  This is one of the reasons heavy riprap underlain with geotextile 
fabric is used to resist scour as described in the construction specifications at 
all stream crossing abutments. 

Froelich’s Live-Bed Scour at Abutments 
 

y
y

K K
L
y

Frs

a a
=







 +2 27 11 2

0 43

0 61.
'

.

.  (English & Metric) 

ys  = Scour depth, ft, m   
ya  = Average depth of flow on the floodplain, ft, m 
L’  = Length of abutment(embankment) projected normal to flow, ft, m 
Fr  = Froude number of approach flow upstream of the abutment = Ve/(gya)  
Ve  = Qe/Ae, ft/s, m/s  

    g   = Acceleration of gravity, 32.2 ft/s2, 9.81 m/s2 

    Ae = Flow Area of approach cross section obstructed by embankment, ft2, m2 
    Qe = Flow obstructed by abutment or approach embankment,                   

        ft3/s, m3/s  
K1 = Coefficient for abutment shape (see Table 6 of reference 6) 
K2 = Coefficient for angle of embankment to flow (see Figure 16 of reference   
        6) 

The HIRE Equation for Live-Bed Scour at Abutments 
 

y
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1
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0 33 14
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= .

.
    (English & Metric) 

ys  = Scour depth, ft, m  
y1  = Depth of flow at the abutment on the overbank or in the main channel, ft, 

m 
K1 = Coefficient for abutment shape (see Table 6 of reference 6) 
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Fr  = Froude number based on velocity and depth adjacent to and upstream of 
the abutment  

Abutment Shape Coefficients (k1) 
 

Description k1 
Vertical-wall abutment 1.00 
Vertical-wall abutment with wing walls 0.82 
Spill-through abutment 0.55 

 
The above equations often predict excessively conservative abutment  
scour depths.  This results from there development in laboratory flume  
experiments that did not reflect the typical geometry or flow distribution  
associated with roadway encroachments of floodplains. 
  

   4) Design Considerations for Scour 
 
    Provide adequate free board (2 feet desirable) for when possible to prevent 

pressure flow occurrences. 
 
    Pier foundations elevations on floodplains should be designed considering 

the potential of channel or thalweg migration over the design life of the 
structure. 

 
    Align all substructure units and especially pier with the direction of flow.  

Improper alignment may significantly increase the magnitude of scour. 
 
    Piers in the water should have a rounded or streamline nose to reduce  
    turbulence and related scour potential.     
 
    Spill-through (sloping) are less vulnerable to scour than vertical wall  
    abutments.     
    
    Current equations (6) and methods used to estimate the magnitude of  
    abutment scour were developed in a laboratory under ideal conditions and 

lack adequate field verification.  These equations may tend to over  
estimate the magnitude of scour.  These equations should be incorporated 
with a great deal of discretion.  

                        
 H. Select Bridge Design Alternatives 
 
  In most design situations, the “proposed bridge” design will be based on the several 
  pertinent design factors discussed in Section 8.4.(1).  They will dictate the final  
   



BRIDGE MANUAL                         HYDRAULICS                             
_________________________________________________________________________ 

___________________________________________________________________________ 
 
Date:   January, 2006                                                             Page           42 

SECTION 8.3 

selection of bridge length, abutment design, superstructure design and approach  
  roadway design.  The Hydraulic/Site report should adequately document the site  
  characteristics, hydrologic, hydraulic, results, as well as the alternatives considered. 

  
  See Appendix 8-A for a sample Hydraulic/Site Report.    
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8.4  HYDRAULIC DESIGN OF BOX CULVERTS 
 

Box culverts are an efficient and economical design alternative for roadway stream 
crossings in the 300 to 1500 cfs discharge range.   As a general guide culvert pipes are 
best suited for smaller discharge values while bridges are better suited for larger 
values.  Although multicell box culverts are designed for larger discharges, the larger 
size culverts tend to lose the hydraulic and economic advantage over bridges.  The 
following subsections discuss the design considerations and hydraulic design 
procedures for box culverts. 
 
(1)  Hydraulic Design Factors   As in the hydraulic design of bridges, several 

hydraulic  
 factors dictate the design of both the culvert and approach roadway.  The critical 
 hydraulic factors for design considerations are: 

 
A. Economics 

 
   The best economics for box culvert design are realized with the culvert 
   flowing full and producing a reasonable headwater depth (HW) within the 
   boundary of other hydraulic and roadway design constraints. 
 

For long box culverts, particularly on steep slopes, a considerable savings 
can be realized by incorporating an improved inlet design known as 
 “Tapered Inlets”.  The improved efficiency of the inlet where the inlet 
controls the headwater, will allow for design of a smaller culvert barrel.  
See reference (1) for discussion on “Tapered Inlets”. 

 
B. Minimum Size 

 
If the highway grade permits, a minimum five foot box culvert height is 
desirable for clean-out purposes. 

 
C. Allowable Velocities and Outlet Scour 

 
Generally, for velocities under 10 fps no riprap is needed at the discharge 
end of a box culvert, although close examination of local soil conditions is 
advisable.    
For outlet velocities from 10-14 fps heavy riprap shall be used extending 
15 to 35 feet from the end of the culvert apron.   
For velocities greater than 14 fps energy dissipators should be 
considered.  These are the most expensive means of end protection.  
See Section 8.4(G) for the hydraulic design of energy dissipators. 
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When heavy riprap is used it is carried up the slopes around the ends of the 
outlet apron to an elevation at mid-length of apron wing. 

 
D. Roadway Overflow 

 
See Section 8.3(1)B. 

 
E. Culvert Skew 

 
See Section 8.3(1)C. 

 
F. Backwater and Highwater Elevations 

 
The “Highwater elevation” commonly referred to as headwater for culverts, 
is the backwater created at the upstream end of the culvert. Although 
culverts are more hydraulically efficient and economical when flowing under 
a reasonable headwater, several factors shall be considered in determining 
an allowable highwater elevation.  For further discussion see Section 
8.3(1)D. 
 

G. Debris Protection 
 

Debris protection is provided where physical study of the drainage area 
indicates considerable debris collection.  Debris protection structural design 
is a part of the culvert design, where used.  A part of the box culvert survey 
report must justify the need for protection.  Sample debris protection 
devices are shown in an older Bureau of Public Roads publication, 
Hydraulic Engineering Circular No. 9 (2). 

 
H. Anti-Seepage Collar 

 
Anti-seepage collars are used to prevent the movement of water along the 
outside of the culvert and the failure by piping of the fill next to the culvert.  
They are used in sandy fills where the culvert has a large headwater. 

 
Collars are located at the midpoint and upstream quarter point on long box 
culverts.  If only one collar is used, it is located far enough from the inlet to 
intercept the phreatic (zero pressure) line to prevent seepage over the top of the 
collar.  See reference (3). 

 
  A typical collar is shown in Figure 8.4.1 and is applicable to all single and twin box 

structures. 
 
An alternate method of preventing seepage is to use a minimum one foot 
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thick impervious soil blanket around the culvert inlet extending five feet 
over undisturbed embankment.  The same effect can be obtained by 
designing seepage protection into the endwalls. 
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     ANTI – SEEPAGE COLLAR 
 

FIGURE 8.4.1 
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I. Weep Holes 
 
The need for weep holes should be investigated for clay type soils with 
high fills, and should be eliminated in other cases. 
 
If weep holes are necessary, alternate layers of fine and coarse aggregate 
are placed around the holes starting with coarse aggregate next to the hole. 
 

(2) Design Procedure 
 

A. Determine Design Discharge 
 

See Section 8.2 for procedures. 
 
B. Determine Hydraulic Stream Slope 
 

Section 8.3(2)B for procedures. 
 
C. Determine Tailwater Elevation 
 

The tailwater elevation is the depth of water in the natural channel computed 
at the outlet of the culvert.  In situations of steeper slopes and small culverts, 
the tailwater is not a critical design factor.  However, for mild slopes and 
larger culverts, the tailwater is a critical design factor.  It may control the outlet 
velocity and depth of flow in the culvert. 

 
The tailwater elevation is calculated using a typical section downstream of 
the outlet and performing a “normal depth” analysis. An older publication 
from the former Bureau of Public Roads entitled Design Charts for Open 
Channels (4) can be used to determine tailwater depth directly from the 
charts for symmetrical channel.  Several other hydraulic engineering 
textbooks and handbooks discuss the method to calculate “normal depth” if 
an irregular cross-section is encountered in the downstream channel. 
 

D. Design Methodology 
 
 The most prevalent design methodology for culverts is the procedure in the 

FHWA publication entitled Hydraulic Design of Highway Culverts Hydraulic 
Design series (HDS) No. 5 (5).  It is highly recommended the designer 
should first thoroughly study the methodologies presented in this publication.
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Several personal computer software programs are available from 
public and private sources which use the same technique and 
methodology presented in HDS No. 5.  One public domain computer 
program developed by FHWA entitled “HY8” is based on the HDS No. 5 
manual.   This program and documentation are available through the 
“McTrans Center” at the University of Florida, Gainesville (see Appendix 
8-C).  WSPRO (see Section 8.3(2)E) has a culvert option using the same 
methodology.  These same programs have the capability of allowing the 
user to calculate the tailwater based on a downstream section and to 
calculate a combination of culvert and roadway overflow. 

 
E. Develop Hydraulic Model 

 
There are two major types of culvert flow:  (1) flow with inlet control, 
and (2) flow with outlet control.   For each type of control, different 
factors and formulas are used to compute the hydraulic capacity of a 
culvert.   Under inlet control, the cross-sectional area, and the inlet 
geometry at the entrance are of primary importance.  Outlet control 
involves the consideration of the tailwater in the outlet channel, the 
culvert slope, the culvert roughness, and the length of the culvert 
barrel, as well as inlet geometry and cross-sectional area.  

 
Another design of Inlet control which is used frequently is “Tapered 
Inlets” or improved inlets.  The slope-tapered and side-tapered inlets 
are more efficient hydraulically, and can be a more economical design 
for long culverts in flow with inlet control. 
 
In all culvert design, headwater depth (HW) or depth of water at the 
entrance to a culvert is an important factor in culvert capacity.  The 
headwater depth is the vertical height from the culvert invert elevation 
at the entrance to the total energy elevation of the headwater pool 
(depth plus velocity head).  Because of the low velocities at the 
entrance in most cases and difficulty in determining the velocity head 
for all flows, the water surface elevation and the total energy elevation 
at the entrance are assumed to be coincident. 
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The box culvert charts presented here are inlet and outlet control 
nomograph Charts 8.4.1 and 8.4.2, and a critical depth Chart 8.4.3.  
Note the “Inlet Type” over the HW/D scales on Chart 8.4.1 and 
entrance loss coefficients “Ke” for inlet types on Chart 8.4.2.  The 
following illustrative problems are examples of their use.  Forms 
similar to Figure 8.4.2 are used for computation. 
 
Outlet Control Problem.  The information necessary to solve this 
problem is given in Figure 8.4.2. 

 
Check for Inlet Control:  For a Q/B value of 36 and a twin 10 x 5 box 
with type “C” inlet; HW/D=1.08 from Chart 8.4.1.  
The HW = 1.08 (5 ft) = 5.4 ft. 

 
Check for Outlet Control:  For Q = 720/2 = 360 cfs.  Length = 180 ft. 
and type “C” inlet; H = 1.5 ft. from Chart 8.4.2, TW = 5.2 ft. = ho 
Then HW = H + Tho = Lso = 1.5 ft. + 5.2 ft. - .2 ft. = 6.5 ft. 

 
Design HW is 6.5 ft. (outlet controls) and the outlet velocity is 7.2 f.p.s. 
 No heavy riprap is needed at the discharge apron. 
 
Inlet Control Problem.  The information necessary to solve this 
problem is given in Figure 8.4.3.  

 
Check for Inlet Control:  For a Q/B value of 36 and a twin 10 x 5 box 
with type “C” inlet; HW/D = 1.08 from Chart 8.4.1. 
Then HW = 1.08 (5 ft.) = 5.4 ft. 

 
Check for Outlet Control:  For Q = 720/2 = 360 cfs.  Length = 132 ft. 
and type “C” inlet; H = 1.3 ft. from Chart 8.4.2.  From Chart 8.4.3 
critical depth = 3.4 ft.  ho = (3.4 ft. + 5 ft.)/2 = 4.2 ft. 
Then HW = H+ho-Lso 4.2 ft. + 1.3 ft. - .7 ft. = 4.8 ft. 

 
Design HW = 5.4 ft. (inlet control) and the outlet velocity from Chart 8.4.4 
is 11.0 f.p.s.  Heavy riprap is needed at the discharge apron. 
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CHART  8.4.1 
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Chart  8.4.2 
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Chart 8.4.3 
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Chart 8.4.4 
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F. Roadway Overflow 
 
See Section 8.3(2)F. 

 
G. Outlet Scour and Energy Dissipators 

 
Energy dissipating devices are used where it is desirable to reduce the 
discharge velocity by inducing high energy losses at the inlet or discharge 
ends of the structure.  They are generally warranted when discharge 
velocities exceed 14 feet per second.  Energy Dissipator designs shall be 
approved by the Bridge Engineer. 

 
Energy losses may be induced at the culvert entrance with a drop inlet, or 
at the outlet using energy dissipating devices and stilling basins to form a 
hydraulic jump. 

 
Drop inlets are used where headroom is limited, and energy dissipating 
devices and stilling basins at the discharge and are used where headroom 
is not critical. 

 
For outlet devices utilizing the hydraulic jump, two conditions must be 
present for the formation of a hydraulic jump; the approach depth must be 
less than critical depth (supercritical flow); and the tailwater depth must be 
deeper than critical depth (subcritical flow) and of sufficient depth to 
control the location of the hydraulic depth.  Where the tailwater depth is 
too low to cause a good hydraulic jump at the desired location, the 
required depth can be provided by either depressing the discharge apron 
or utilizing a broad-crested weir at the end of the apron to provide a pool 
of sufficient depth.  The depressed apron method is preferred since there 
is less scouring action at the end of the apron.  The amount of depression 
is determined as the difference between the natural tailwater depth and 
the depth required to form a jump. 

 
There are numerous design concepts of energy dissipating devices and 
stilling basins that my be adapted for energy dissipation to reduce the 
velocity and avoid scour at the culvert outlet.  The more common type of 
designs are drop inlets, drop outlets, chute spillways and riprap stilling 
basins.   

 
More discussion on energy dissipators for culverts is available in 
references (3), (6), (7), (8).  Four specific examples are shown below. 
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1) Drop Inlet.  In drop inlet design, flow is controlled at the inlet 
  crest by the weir effect of the drop opening.  Drop inlet culverts 

operate most satisfactorily when the height of drop is sufficient 
to permit considerable submergence of the culvert entrance 
without submerging the weir or exceeding limiting headwater 
depths. 

 
Referring to Figure 8.4.4, the general formula for flow into the 
horizontal drop opening is: 

 
Q = C1 (2g)1/2 L H 3/2 

 
Where Q is the discharge in c.f.s., L is the crest length 2B+W, 
H is the depth of flow plus velocity head, and C1 is a dimension 
discharge coefficient taken as 0.4275.  The formula is 
expressed in english units as:  
 

Q = 3.43 LH3/2 

and 
L = Q/(3.43H3/2) 
 

There are four connections which have to be multiplied times 
the discharge coefficient C, or times the factor 3.43: 
 
1. Correction for head H/W (Table 8.4.1) 
2. Correction for box-inlet shape B/W.  (Table 8.4.2) 
3. Correction for approach channel width Wc/L (Table   

  8.4.3).   (Wc = approach channel width = Area/Depth) 
4. Correction for dike effect X/W (Table 8.4.4) 

 
The size of the culvert should be determined by using the 
discharge (Q) and not allowing the height of water (HW) to 
exceed the inlet drop plus the critical depth of the weir which is 
given as:  

 
dc = [(Q/L)2/g]1/3 

   
 When using the hydraulic charts of Section 8.4(2)E, consider the 

culvert to have a wingwall flare of 0 degrees (extension of sides). 
 

    Sample computations are shown in Figure 8.4.5. 
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Box Inlet Drop Spillway 

FIGURE 8.4.4 
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Table 8.4.1   Correction for head 
(Control at box-inlet crest) 

Multiply c1 in Q = correctionbyWgL 2
3

1 2c  
H/W 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
0.0      0.76 0.80 0.82 0.84 0.86 
.1 0.8 0.88 0.89 0.90 0.91 .91 .92 .92 .93 .93 
.2 .93 .94 .94 .95 .95 .95 .95 .96 .96 .96 
.3 .97 .97 .97 .97 .98 .98 .98 .98 .98 .98 
.4 .99 .99 .99 .99 .99 .99 .99 .99 .99 1.00 
.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
.6 1.00          

 Correction is 1.00 when H/W exceeds 0.6. 
 

Table 8.4.2  Correction for box-inlet shape 
(Control at box-inlet crest) 

Multiply c1 in 2/3
1 2 HgLcQ=  by correction 

B/W 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
0 0.98 1.01 1.03 1.03 1.04 1.04 1.03 1.02 1.01 1.01 
1 1.00 .99 .99 .98 .98 .98 .97 .97 .96 .96 
2 .96 .96 .95 .95 .95 .95 .95 .95 .94 .94 
3 .94 .94 .94 .94 .94 .94 .94 .94 .93 .93 
4 .93          

 
Table 8.4.3  Correction for approach-channel width 

(Control at box-inlet crest) 
Multiply c1 in 2/3

1 2 HgLcQ=  by correction 
Wc/L 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

0 0.00 0.09 0.18 0.27 0.35 0.44 0.53 0.62 0.71 0.80 
1 .84 .87 .90 .92 .93 .94 .95 .96 .97 .97 
2 .98 .98 .99 .99 .99 .99 1.00 1.00 1.00 1.00 
3 1.00          

 Correction is 1.00 when WcL exceeds 3.0 
 

Table 8.4.4  Correction for dike effect 
(Control at box-inlet crest) 

Multiply c1 in 2/3
1 2 HgLcQ=  by correction 

 
B 
W 

 
X/W 

 0.0 0.1 0.2 0.3 0.4 0.5 0.6 
0.5 
1.0 
1.5 
2.0 

0.90 
.80 
.76 
.76 

0.96 
.88 
.83 
.83 

1.00 
.93 
.88 
.88 

1.02 
.96 
.92 
.92 

1.04 
.98 
.94 
.94 

1.05 
1.00 
.96 
.96 

1.05 
1.01 
.97 
.97 
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FIGURE 8.4.5 
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2) Drop Outlets 
 
This generalized design is applicable to relative heights of fall ranging from 
1.0 y/d to 15 h/d and to crest lengths greater than 1.5 dc.  Here y is he 
vertical distance between the crest and the stilling basin floor and dc is the 
critical depth of flow.  

 
Dc = 0.315[(Q/B)2]1/3 

 
Referring to Figure 8.4.6 and Chart 8.4.5, this design uses the following 
formulas: 

 
1. The minimum length Lb of the stilling basin is: 

 
          Lb = Xa + Xb + Xc = Xa + 2.55 dc 

 
a. The distance Xa from the headwall to the point where the 

surface of the upper nappe strikes the stilling basin floor is 
solved graphically in Chart 8.4.5. 
 

b. The distance Xb from the point at which the surface of the 
upper nappe strikes the stilling basin floor to the upstream 
face of the floor blocks is: 

Xb = 0.8 dc 
c. The distance Xc, between the upstream face of the floor 

blocks and the end of the stilling basin is: 
    Xc ≥ 1.75 dc 

 
2. The floor blocks are porportioned as follows: 
 

a. The height of the floor blocks is: 
    0.8 dc 

b. The width and spacing of the floor blocks are approximately: 
    0.4 dc 

  A variation of ± 0.15 dc from this limit is permissible. 
 

c. The floor blocks are square in plan. 
 

d. The floor blocks occupy between 50 and 60 percent of 
the stilling basin width. 
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DESIGN CHART FOR DETERMINATION OF  xa 
 
 

CHART 8.4.5 
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PLAN VIEW 
 

Straight Drop Outlet Spillway 
 
 

FIGURE 8.4.6 
 



BRIDGE MANUAL                       HYDRAULICS                      
_______________________________________________________________________ 

__________________________________________________________________________ 
 
Date:  May, 1999                                                                 Page        65 

SECTION 8.4 

  
  Dimensions: 
   Height of floor blocks  =  .8 x 4.91  =  4’-0” 
   Height of end sill         =  .4 x 4.91  =  2’-0” 
   Length of Basin           =  15.5 + 2.55 dc = 28’ 
   Floor blocks                =   2’-0” square 
   Height of sidewalls     =  (2.15 + .60) dc = 13’-6” above basin floor (use 13’-0”) 
 

FIGURE 8.4.7 
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3. The height of the end sill is: 
 

0.4 dc 
 

4. The sidewall height above the tailwater level is: 
 
0.85 dc 
 

5. The minimum height d2, of the tailwater surface above the floor 
of the stilling basin is: 
  

d2 = 2.15 dc 
  
 In cases where the approach velocity head is greater  than 1/3 of 

the specific head (velocity head + elevation head), Xa is checked by 
the formula and the greater Xa used.  

 
         yX V ga

2 2
12= ( / ) 1  = top of water at crest 

              V   = velocity of approach 
 

Sometimes high values of dc become unworkable, resulting in a 
need for large drops, high end sills and floor blocks.  To prevent 
this dc may be reduced by flaring the end of the barrel.  The flare 
angle is approximately 150/V where V is the velocity at the 
beginning of the taper. 

 
Sample computations are shown in Figure 8.4.7. 

 
(3) Chute Spillways  The simplest form of chute spillway has a straight 

centerline and is of uniform width.  The outlet barrel of the culvert is 
sometimes flared to decrease y1 so that the tailwater elevation necessary 
to cause a hydraulic jump need not be so high.  This is done using the 
150/V relationship as in the drop outlet sample problem.  Y1 is usually kept 
in the 2-3 foot range. 

 
Referring to Figure 8.4.8, the required tailwater is computed by the 
formula: 

y2/y1 = ½  [1+8F2)1/2) - 1] 
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CHART 8.4.6 

Characteristics of a Hydraulic Jump 
at an Abrupt Rise 
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 L = 6(y2 – y1) = 6 (7.15 – 2.20) = 29.7’  use L = 30 ft. 
  Assume y3 = 5’, y3/y1 = 5/2.2  = 2.27 

  From Chart 8.3.19, useZoyZo ,1.15.0/ 1 =∆=∆ 1’-6” 

 
FIGURE 8.4.9 
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where y2 = tailwater height required to cause the hydraulic jump, 

F = Froude number = v1 /(gy1)1/2 
g = acceleration of gravity, 
y1 = velocity at beginning of jump. 

End sill height (   Z) is determined graphically from Chart 8.4.6. 
 
Length of jump is assumed to be 6 times the depth change (y2-y1). 
 
In many cases the tailwater height isn’t deep enough to cause the 
hydraulic jump.  To remedy this, the slope of the culvert may be increased 
to greater than the slope of the streambed.  This will result in an apron 
depressed such that normal tailwater is of sufficient depth. 
 
The problem of scour on the downstream side of the end sill can be 
overcome by providing riprap in the stream bottom.  If riprap is used, it 
starts from the top of the sill at a maximum slope of 6:1 up from end sill to 
original streambed. If no riprip is used, the streambed begins at the top of 
the end sill. 
 
Sample computations are shown in Figure 8.4.9. 
 
4) Riprap Stilling Basins 

 
The riprap stilling basins, in many cases, is a very economical 
approach to dissipate energy at culvert outlets and avoid damaging 
scour.  A good treatise on riprap stilling basin is given in the FHWA 
Hydraulic Design of Energy Dissipators for Culverts and Channels.  
(6). 
 

H. Select Culvert Design Alternatives 
 
 The “proposed culvert” design shall be based on several design factors.  

In most design situations, the pertinent hydraulic factors discussed in 
Section 8.4(1) will dictate the final selection of culvert size, length, scour 
protection, as well as the approach roadway design. 
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APPENDIX 8-A    Sample Hydraulic/Site Report 
                           

Site - Hydraulic Report 
For 

B-18-75 
Short Street Bridge & Approaches 

Chippewa River 
City of Eau Claire 
Eau Claire County 
ID # 7995-01-77 

 
Introduction 
 
The city of Eau Claire and Wisconsin Department of Transportation propose to replace the 
existing narrow and structurally deteriorated bridge carrying Short Street over the Chippewa River 
in the City of Eau Claire.  The project is located in Section 25, Town 27 North, Range 10 West. 
 
This report describes and documents the Hydrologic and Hydraulic characteristics of the existing 
and proposed bridge.  Also included in this report is a discussion of the design constraints and 
alternatives considered for the replacement of the subject bridge. 
 
Data Available 
 
Information in this report is based upon the following bulletins and publication: 
 
1. “Flood-Frequency Characteristics of Wisconsin Streams” by Krug, Conger, & Gebert.  US 

Geologic Survey Open File Report 91-4128. 
 
2. “Drainage-Area for Wisconsin Streams”  US Geologic Survey Open File Report 83-933 
 
3. “Bridge Waterways Analysis Model: Research Report”  Report No. FHWA/RD-86/108. 
 
4. “Bridge Manual” by Wisconsin Department of Transportation. 
 
5. Flood Insurance Study - City of Eau Claire, July 1984, FEMA 
 
All river and floodplain Characteristics are based upon conditions observed November 13th, 1995. 
 All elevations are referenced from National Geodetic Vertical Datum (NGVD) 1929.   
 
Site Description 
 
The site description of the proposed bridge replacement is illustrated in the following attachments 
to this report: 
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   1. Stream Crossing Structure Survey Report 
 2. Preliminary Plan & Profile Sheet 
 3. 1” = 20’ scale Contour Map 
 4. Project location maps 
 5. Preliminary structure plans 
 6. Original photographs 
 7. Geotechnical site report 
 8. Flood Insurance Study exhibits 
 
The size of the Chippewa River Drainage basin at the proposed site is approximately 6620 sq. mi. 
Both upstream and down stream reaches of the river are well defined with all normal flows being 
confined within a definite Floodway.  The adjacent upstream and downstream river banks are 
lined with trees, steep banks and private residences.  There are sandstone outcroppings in the 
surrounding vicinity and the stream bed material consists of sand, gravel and boulders.  The 
normal flow channel width is generally uniform in the vicinity of the project and measures 
approximately 460 feet. 
 
The Chippewa River at the project site is designated as a Flood Hazard Area (FHA) on the City of 
Eau Claire Flood Insurance Rate Map (FIRM) dated July 17, 1984.   This FHA is a Detailed Study 
area with an associated Regulatory Profile. 
 
Based upon field measurements, the water surface slope of the channel is approximately 0.011%. 
This slope appears consistent with both the FIS flood profiles and slope computed from the USGS 
Quadrangle. 
 
The upstream bridge , B-18-114 located 0.37 mi. upstream carries Clairemont Ave. over the 
Chippewa River.  This 70 inch prestressed girder structure  built in 1993 has seven spans and an 
overall length of 846 feet.  As built bridge plans indicate that the  hammer head piers are 
supported on end bearing piles 30 to 46 feet long.  
 
The downstream Bridges , B-18-23&24 located 0.75 mi. downstream carries Interstate Highway 
94 over the Chippewa River.  These bridges are  7 span plate girder structures built in 1964 and 
have overall lengths of 915 feet.  As built plans indicate that the substructure is supported on end 
bearing piles 36 to 69 feet long. 
 
Magnitude and Frequency of Floods  
 
In the vicinity of the project site, the Chippewa River is a highly regulated and gaged river.  A flood 
frequency vs. discharge analysis was made to estimate the design discharge for the 100 year flood 
(Design Event) .  The analysis methods consisted of examination of  flood estimates base on 
USGS 1992 Regression Equations, Three gages on the Chippewa River (Log-Pearson III 100-year 
flood results) transferred to the project site, and the City of Eau Claire 1984 Flood Insurance Study.  
Regional -regression equations are not good estimators on regulated streams,  therefore, little weight 
was given to their estimates. The three gages on the Chippewa river had drainage areas that ranged  
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from 85% to 136% of the project sites drainage area.  The transferred flows from these gages 
yielded a consistent estimate of  about 99,700 cfs.   The city of Eau Claire FIS indicated a 
Regulatory 100-year flow value of 131,000 cfs.  A 100-year Design Discharge of 99,700 cfs was 
elected because of the extensive gage information and consistency.  However,  Regulatory Flood 
impacts will be examined and reported base on the adopted City of Eau Claire FIS 100-year flood 
of 131,000 cfs. 
 
Hydrologic calculation were previously submitted on August 12, 1995.  The Design Discharge of 
99,700 cfs was approved by WisDOT Central Office Bridge on September 9, 1995.  
 
Analysis of Hydraulic Characteristics 
 
The hydraulic characteristics of the floodplain for both existing and proposed conditions were 
calculated in metric units using the FHWA - WSPRO step backwater program.  Cross-section were 
 developed  from contour mapping and surveyed information.  Manning roughness coefficients 
were determined from field observations and photographs.  The existing FIS - HEC-2 model was 
examined for use in hydraulic calculation.  However, do to questionable bridge definition at the 
project site it was decided to use an independent WSPRO model that incorporated the most recent 
survey information.  The tailwater elevation for both the design flow of 99,700 cfs and the 
Regulatory Flow of 131,000 cfs is based on the FIS profile rating curve downstream of the project.  
It has been decided not to elect the conservative FIS Regulatory 100-year flow for design purposes 
because this conservative flow would preclude the use of economical replacement alternatives 
based on minimum freeboard requirements.  Therefore, both Design and Regulatory existing and 
proposed 100-year flood profiles have been calculated.    
 
Existing Structure and Approaches 
 
The existing 3-span overhead truss built in 1924 has spans of 175-177-175 feet between supports. 
The abutments are vertical face full retaining.  The piers are tapered solid shafts.  The west 
abutment and pier 1 are on spread footing while pier 2 and the east abutment are supported on 
timber end bearing piles.  The roadway width between curbs is 18.8 feet and both the 
superstructure and substructure are in poor condition.  There is one sidewalk on the existing 
structure on the south side that is 6.5 feet clear.  There have been no reports of road overflow or 
ice/debris problems at the site.  Examination of the contour mapping indicates that there may be 
existing local scour around the piers. 
 
At the 100-year Design flood discharge of 99,700 cfs,  all of the flow passes through the bridge 
opening in low flow with no road overflow.  The design flow utilizes an area of 12,885 sq. ft. and 
has an average velocity of  7.74 fps.  The existing 100-year design high-water is 773.85 feet with 
an associated backwater of 0.03 feet. 
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Discussion of Structure Sizing 
 
The potential for damage to many adjacent private properties due to flooding on the Chippewa 
River at this site is quite high.  The replacement structure should not cause additional backwater 
because of the extensive risk to the adjacent properties.  Because of the observed local scour 
holes in the vicinity of the piers, the proposed structure should be designed to resist and withstand 
the potential of scour.   
 
The propose tangent horizontal alignment across the bridge will be maintained while the proposed 
vertical alignment will be raised to facilitate the use of deeper super structure.  The proposed 
roadway will be 32 feet clear and there will be on sidewalk 10.0 feet clear on the south side of the 
structure.  The City of Eau Claire has requested that lighting be placed on the south side of the 
bridge along the sidewalk. 
 
Due to the shallow bedrock on the east side of the river, substructure units will have to be founded 
on spread footings while units on the west side of the river will be founded on piles.  Construction 
of coffer dams in the river may be difficult and expensive due to the shallow bedrock, therefore the 
number of piers should be minimized. 
 
The WisDNR is satisfied with the existing navigational clearance and has indicated that no 
threatened or endangered resources are located in the project vicinity.  WisDNR has requested 
that fill into the river be minimized and that proper erosion control be exercised during 
construction.  
 
Alternates Considered 
 
Rehabilitation of the existing structure is not feasible do to the type of structure and its poor 
condition. 
 
Reinforced concrete flat and haunched slabs were eliminated as uneconomical alternatives due to 
the number of spans and substructure units that would be required. 
 
A 4-span 70 inch prestressed girder or 4-span steel plate girder structure were determined to be 
the most feasible and economic alternatives for this site.  Both of these alternative would have the 
same span geometry (124 - 151 - 151 - 124 feet and would utilize the same type and location of 
substructure units.  Both structures would also have the same roadway cross section.  Also, both 
alternatives exceed the 2.0 feet of freeboard  over the Design 100-year flood elevation.  The 70 
inch prestressed girder alternatives interior spans of 151 feet will require 8000 psi concrete based 
on initial transfer and final stresses.  Use of the higher strength concrete is justified by the cost 
savings associated with longer spans and fewer piers.  The use of the higher strength concrete 
was previously discussed and approved by the Bridge Office.  
 
Estimated cost of the prestressed and steel girder alternatives was based on similar let structure  
cost and statewide average unit bridge cost shown in chapter 5 of the bridge manual.  The cost of the 4- 
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span steel plate girder alternative  was estimated to be  $1,352,000  while the  cost of the 4-span 
70 inch prestressed girder alternative was estimated to be $1,112,000.  The prestressed concrete 
girder alternative is estimated to cost $240,000 less than the steel plate girder alternative based 
on initial construction.  The concrete prestressed girder alternative is also expected to require less 
maintenance cost during the life of the structure.   
 
Based on the site requirements, initial cost and long-term maintenance cost, a 4-span 70 inch 
concrete prestressed girder structure is the proposed alternative for this crossing. 
 
Proposed Structure and Approaches 
 
The proposed structure  is a 4-span 70 inch prestressed girder structure supported on A-3 
abutments and hammer-head piers.  The span geometry will be 124-151-151-124 feet between 
center of supports. The structure will not be skewed.  The roadway will be 32 feet clear with one 
10.0 foot sidewalk located on the south side separated from traffic with a modified parapet ‘LF’.  
There will be a 5 foot steel rail along the exterior of the sidewalk and light standards located above 
each pier.  The structure will support  gas, telephone, and water utilities between the girders. 
 
The structure will be located on the existing horizontal tangent alignment.  The vertical profile will 
be raised to provide better approach geometrics and to provide adequate freeboard over the 
design 100-year flood elevation. 
 
For the 100-year design event of 99,700 cfs,  the  structure provides 12,842 sq. ft. of waterway 
area with an associated velocity of 7.74 fps.  The proposed design 100-year high-water of 773.85 
feet matches the existing 100-year high water of 774.85 feet.  The proposed structure provides 
5.8 feet of freeboard over the design 100-year high-water elevation.  The Bridge has been 
evaluated for scour and assigned a scour code of 5 (stable for calculated scour).  
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Summary of Hydraulic Characteristics 
 
The hydraulic data for the existing and proposed bridge is summarized as follows: 
 
      Existing Bridge  Proposed Bridge 
 
 Drainage Area (sq. mi.)   6620       6620 
 
 Design 100-year Flow (cfs)  99,700      99,700 
 
 Design 100-year High-water  (ft.) 773.85     773.85 
 
 Waterway Area (sq. ft.)    12,885      12,842 
 
 Velocity Through Bridge (mps)   7.74        7.74 
 
 Overflow Frequency (yr.)   > 100-year   >100-year 
 
 
Regulatory Profile (City of Eau Claire 1984 FIS) 
 
 Regulatory 100-year Flow (cfs)  131,000    131,000  
  
 Regulatory Tailwater Elevation (ft.) 775.79      775.79 
 
 Regulatory 100-year High-water (ft.) 776.54      776.54 
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